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The archaeometry of ancient 
glassmaking: reconstructing ancient 
technology and the trade  
of raw materials
Patrick Degryse, Rebecca B. Scott and Dieter Brems
It has long been thought that all Greco-Roman glass originated from the eastern 
Mediterranean, Syro-Palestine in particular. The scientific examination of archaeological 
and historical artifacts relies on the assumption that there is a scientifically measurable 
property that will link an artifact to a particular source. In glass research, no such marker 
was available. Scientific research in the past decade has developed chemical methods to 
link glass artifacts to particular source areas. In this way, a new picture of intense Greco-
Roman glass trade emerged. While glassmaking sites in the eastern Mediterranean likely 
produced the first natron glass (made with sand and mineral soda), in early Roman times 
investments were made in several glassmaking units all over the Empire. In late Roman 
to early Byzantine times, natron glassmaking once again fell to the glass factories in Syro-
Palestine and Egypt.
The classics and glass
Pliny the Elder, writing in the first century AD, describes how glass was first made. “A ship 
belonging to traders in soda once called here, so the story goes, and they spread out along 
the shore to make a meal. There were no stones to support their cooking-pots, so they placed 
lumps of soda from their ship under them. When these became hot and fused with the sand 
on the beach, streams of an unknown translucent liquid flowed, and this was the origin of 
glass” (Pliny, NH 36.65; Eichholz, 1962, 151). Although the story is certainly untrue – glass 
is known from the archaeological record some 2500 years before – Pliny here describes 
Roman “natron” glass, the predominant glass type from the middle of the first millennium 
BC to the eighth century AD, made from sand and a mineral soda called natron. Several loca-
tions of suitable glassmaking sand are indicated in Pliny’s Natural History: “That part of Syria 
adjoining Judaea and called Phoenicia […] This is believed to be the source of the River 
Belus, which, after a distance of five miles flows into the sea next to the colony of Ptolemais. 
[…] The beach extends for not more than half a mile, but for many years this area was the 
sole producer of glass. […] Sidon was once renowned for its glass factories; glass mirrors, 
among other things, were invented there. This was the old method of glass manufacture. 
But now in Italy a white sand, which occurs in the River Volturnus, is found along 6 miles of 
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the seashore between Cumae and Liternum 
[…] Now sand is blended in a similar way in 
the provinces of Gaul and Spain” (Pliny, NH 
36.65-66; Eichholz, 1962, 149-155).
Pliny also makes reference to the 
use of soda. In direct reference to glass, he 
merely says that it was added to the glass 
batch. He does however say that soda can 
be found in Media and in Thrace, near 
Philippi, but that the latter is contaminated 
(Pliny, NH 31.46; JonEs, 1963, 443-445); 
he also says it can be found in Macedonia 
(saguí, 2007). He then explains how artificial soda is produced in Egypt in large quantities 
(Pliny, NH 31.46; JonEs, 1963, 445). Natural deposits of soda are well known at the Wadi 
el Natrun, approximately fifty kilometers northwest of Cairo, Egypt (FrEEstonE et al., 
2008; fig. 1). None of these soda sources, however, are mentioned in direct relation to 
glass manufacture (FrEEstonE et al., 2008), and their use in the making of glass is unclear.
Yael Gorin-Rosen (gorin-rosEn, 2000) explains how the Belus River is today known 
as the Na’aman Stream, flowing south of Acre, formerly know as Ptolemais. Josephus, writ-
ing in the first century AD, highlights the availability of glassmaking sand in the region 
around Ptolemais, but he does not specify whether glass is actually being manufactured 
there (JosEPhus, thackEray, 1927, book 2, chapter 10, section 2). Although there is ev-
idence of glass production in the Acre region, the exact dates of the sites are unknown, 
i.e. Roman or later (gorin-rosEn, 2000).
Strabo also mentions the location of glassmaking sands in his Geography, book 16, 
again suggesting Syro-Palestine, and Ptolemais in particular, as the source (strabo, 
JonEs, 1932, book XVI, chapter 2.25). Three classical authors refer to the use of sand 
from the region of the Belus River. They all tend to suggest, however, that the sand was 
collected in this region, while the actual process of glassmaking occurred elsewhere. 
Additionally, several Roman authors and poets mention the production of glass, but few 
mention locations of the raw materials; most focus on the technological developments 
such as blowing or recycling glass (stErn, 1999). The question of glass manufacture 
in the Roman Empire is further complicated by more recent authors, who confuse the 
manufacture of raw glass with the secondary production of glass vessels, suggesting 
that glass was at one point produced in almost every area of the empire (stEvEnson, 
1914). From the historical texts it can be deduced that primary “raw” glass was probably 
produced in Syro-Palestine, Egypt, Italy, Gaul, Spain and India, although the method of 
production may have varied in these locations.
The archaeological evidence
The archaeological evidence for the production of primary glass (i.e. fused from raw 
materials into a glass which is then broken into chunks and transported to workshops 
across the empire for shaping; fig. 2) in the Roman period is limited. Excavations have 
revealed that, during the fourth to eighth centuries, large quantities of natron glass were 
made in a limited number of “primary” centers in Egypt and Syro-Palestine (brill, 1988, 
1. Present day 
deposits of 
burkeite, trona 
and halite at 
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1999; FrEEstonE et al., 2000; nEnna et al., 
2000; Picon, vichy, 2003). For example, 
excavations at Bet Eli‘ezer, Israel, revealed 
the remains of seventeen rectangular 
furnaces dating to the eighth century AD 
(FrEEstonE et al., 2000; gorin-rosEn, 
2000), while excavations at Apollonia, 
Israel, revealed the presence of four fur-
naces, similar in style to those found at Bet 
Eli‘ezer, dating to the sixth-seventh cen-
turies AD (PErkins, 1951; gorin-rosEn, 
2000; tal et al., 2004; FrEEstonE et al., 
2008). More recently, evidence of primary 
and secondary production has been found 
at the site of Horbat Biz‘a, approximately 
seven kilometers east of Bet Eli‘ezer, al-
though remains of the primary glass furnace itself have not yet been found (gorin-rosEn, 
2012). Glass furnaces were discovered on the shores of Lake Maryut, near Alexandria, 
Egypt, dating from the Imperial period to the eighth century AD (nEnna et al., 2000), and 
Roman glass furnaces of a first-second century AD date have been discovered in Egypt, at 
Wadi Natrun (nEnna et al., 2000; nEnna, 2007, 2003). However, these are of a different 
form to the later tank furnaces excavated in Palestine (nEnna et al., 2000; FrEEstonE, 
2005; nEnna, 2007). The tank furnaces of Israel were extremely large, producing roughly 
eight to nine tons of glass per firing (FrEEstonE et al., 2000; gorin-rosEn, 2000), but 
little further archaeological evidence of primary glass production in the first-fifth centuries 
has yet been found (PayntEr, 2006). The furnace locations that have been found are sit-
uated either near the favored sand sources, such as the mouth of the Belus River, or close 
to the alkali sources, such as the Wadi Natrun in Egypt (FrEEstonE et al., 2000; nEnna 
et al., 2000). This corroborates historical sources, which claim that glass was produced 
using the “old” method in Syro-Palestine and Egypt. As yet, however, little to no evidence 
of primary glass factories has been found in the other regions mentioned for the earlier 
Roman period. Six glass factories from the late Imperial period (ca. fourth century) have 
been suggested at Hambach, Germany (WEdEPohl, baumann, 2000; WEdEPohl et al., 
2011), as well as a second-century AD tank furnace in a Roman military camp at Bonn 
(WEdEPohl et al., 2011).
Secondary glass workshops were, however, more prolific across the empire. 
For example, historic records mention glass workers being shipped from Syria and 
Judea to Rome (FlEming, sWann, 1999). Excavations at Pompeii revealed the presence 
of glass workshops which, based on the eruption of Vesuvius, must date to before AD 
79 (dE FrancEsco et al., 2010). Secondary production of glass dating from Imperial to 
early Byzantine times has also been found at Sagalassos, Turkey (dEgrysE et al., 2006). 
The archaeological evidence for glassmaking in the western part of the empire is scarce, 
but, by the late Roman period, glasshouses where vessels or window glass were fab-
ricated were well established across this region (FostEr, Jackson, 2010). The Roman 
glass workshops of Western Europe are far more common and often better documented 
than those of the eastern Mediterranean (stErn, 2002), but even without the secondary 
2. Remains of the 
floor (2 m wide 
by 4 m long) of 
a primary glass 
tank furnace 
at Apollonia.
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workshops, there is strong evidence for glass production and trade. For example, Roman 
shipwrecks such as the Embiez or the Iulia Felix have been found carrying cargos of raw 
glass and glass cullet, broken glass shards collected specifically for recycling (silvEstri, 
2008). Shipwrecks along the coast of Israel have also been found carrying raw chunk 
glass, indicating that trade by sea existed (gorin-rosEn, 2000). Although cargoes of 
Roman glass are relatively uncommon, enough shipwrecks have been found to confirm 
that significant long-distance, seaborne transport existed and that it was not confined 
to the more expensive, colored or engraved glasses (gibbins, 1991). It has been argued 
that most long-distance trade in the Roman world was related to the provisioning of the 
armies (silvEstri et al., 2006), but it has also been suggested that the formation of the 
empire and the pacification of the Mediterranean basin in the time of Augustus created 
a new world market (WEst, 1932), which would have allowed an increase in all types of 
commercial activity. This, coupled with the invention of glassblowing in the first century, 
made glass a widespread and commercially available product. Glass finds and references 
in historical documents reveal that glass was exported to many different areas of the 
empire, often in large quantities (thorlEy, 1969). “The discovery that molten glass could 
be blown was nothing less than revolutionary. It was closely related to the equally mo-
mentous discovery that broken glass artifacts could be totally remelted, a breakthrough 
that kindled a literary response in the Flavian period (69-96) equal only to the excite-
ment of Augustan poets about glassblowing” (stErn, 1999, p. 450).
All this archaeological evidence has led to the creation of two main models for 
glass production in the Roman Empire: local versus centralized. The early models of glass 
production were based on ideas about the structure of the ceramics industry (FrEEstonE, 
2005); in other words, it was hoped that the trade in glass vessels, like that of ceramic 
objects, could be mapped based on the idea that a particular form or typology had a similar 
composition or came from a specific workshop. This idea posited that a workshop would 
produce glass of a constant composition which would distinguish it from the glass made in 
another workshop (FrEEstonE, 2005). Each workshop would, in short, produce glass using 
the raw materials locally available. This “local” model, similar to the medieval model of glass 
production, would result in a large number of chemically distinct glasses being produced 
(PayntEr, 2006). The second model, based on the archaeological evidence of surviving 
furnace sites (also of a later date than the Roman period), suggests that the glass was made 
in a small number of primary production centers, and that the raw glass was then shipped 
to workshops all across the empire for shaping (FrEEstonE, 2005). This idea suggests that 
each primary factory could supply a large number of workshops, and that many different 
workshops could essentially produce a variety of different items from the same composition 
of glass. Likewise, a single workshop could receive glass from a number of primary factories 
(FrEEstonE, 2005). This second model would therefore result in only a few chemically dis-
tinct groups (PayntEr, 2006). A third model, wherein a small number of large primary glass 
factories are active but exceptional local primary glass making centers also exist throughout 
the empire, is of course also possible.
Although the local model does have supporters and several secondary workshops 
have been found, the evidence for the production of raw glass outside of the Near East in 
the early Roman period is still largely illusive. The more favored model suggests that a small 
number of large primary factories were operating in the Near East, transporting raw glass 
across the Empire for working at secondary locations.
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What is natron glass, actually?
Glass is made from a combination of network formers, modifiers and stabilizers. Silica (SiO
2
) 
is the most common network former in ancient glasses. The silicon atom is bonded to oxygen 
atoms, and these oxygen atoms are able to link to further silicon atoms, thereby forming a 
network. In pure silica, this network is often crystalline in structure, but, if properly heated 
and cooled, the atoms rearrange into a random, non-crystalline network. Producing pure 
silica glass, however, requires temperatures in excess of 1700o C (shElby, [1997] 2005). 
This was beyond the capabilities of ancient glassmaking technology. In order to reduce the 





O). These network modifiers reduce the melting temperature to less than 
1000o C (shElby, [1997] 2005). The network modifiers disrupt the continuity of the glass 
network as some of the oxygen atoms bond with the alkali (sodium or potassium). Although 
the most common fluxes in antiquity were the alkali oxides, others such as lead oxide (PbO) 
can also be used to weaken the network and lower the melting temperature. A glass made 
from only silica and soda would be unstable and susceptible to damage from water, and a 
stabilizer like lime (CaO) or lead (PbO) is therefore also needed (hodgEs, [1964] 1981). 
However, while too little stabilizer will give the glass poor chemical durability, too much 





) or magnesia (MgO) is beneficial to help prevent devitrification (harEs, 1984).
The glass manufactured during the Greco-Roman period was all soda-lime-silica in 
composition, the majority of these being made from a mixture of silica sand and mineral 
soda (natron). This type of glass was made between the early first millennium BC and the 
ninth century AD and is characterized by its low magnesium and low potassium values, which 
cause it to be referred to as LMLK glass (sayrE, smith, 1961; hEndErson, 1985; FrEEstonE, 
2006; WEdEPohl et al., 2011). It can be differentiated from other types of soda-lime-silica 
glass, which use plant ash as the main flux ingredient and are often referred to as HMHK 
glasses due to their high magnesium and high potassium contents. A Roman “natron” glass 
can therefore be recognized by concentrations of magnesia and potash of less than 1.5%.
Suitable glassmaking sands may be difficult to find, as they need to be high in silica 
and relatively free of impurities. They should also be relatively calcareous (high in lime), or 
extra lime must be added to the glass batch (silvEstri et al., 2006). Certain beach sands, 
containing lime in the form of crushed shells, are thought to be particularly suited to the 
purposes of making natron glass. The popularity of colorless glass in the Roman period 
would have made low-iron, high purity sand essential for the glass industry (Jackson, 
2005). Most of the suitable glassmaking sands are thought to be found in the eastern 
Mediterranean region. These typically contain around 9% lime, 3-5% alumina and less than 
1% magnesia (e.g. aErts et al., 2000).
The soda used in Roman glass was a mineral form known as natron. The term natron 
is used here to describe polyphase evaporitic lake deposits that are rich in sodium carbonates 
(shortland et al., 2006). Most of the carbonate is in the form of the mineral trona; howev-
er, the natron deposits are hardly ever pure carbonates and usually also contain significant 
amounts of chlorides and/or sulfates. These are highly undesirable because of their limited 
reaction with silica at the temperatures achieved in the traditional glassmaking furnaces 
(gorin-rosEn, 2000; FrEEstonE, 2006). Nevertheless, virtually all Roman glass contains 
0.5-1.2% chlorine (Cl-) and 0.2-0.5% sulfate (SO
4
2-; brEms, 2012).
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As noted, glasses made purely from soda and silica are unstable and susceptible to 
damage from water, thereby requiring the use of a stabilizer (hodgEs, 1981). Roman glasses 
usually contain between 5 and 10% lime. The major source of lime in these glasses would 
have been calcium carbonate, which was either added deliberately to the glass batch, as an 
independent component, or accidentally included, as particles of shell or limestone in the 
sand (FrEEstonE, 2006).
Glass provenancing
In order to clarify questions over the structure of the glass industry in the Roman period, 
it is essential to provenance the origin of this glass and its raw materials. This information 
can then be used in conjunction with archaeological glass assemblages to develop and inter-
pret patterns of trade and use within the Roman period. In its wider context, this informa-
tion can also help to shed light on the cultural interactions necessary in order to assess the 
economic impact of the Roman glass industry. The idea that an artifact can be matched to 
its geological source location has often been used to form the basis of many archaeological 
theories relating to the migrations of peoples, as well as to social interactions and exchanges 
(Pillay, 2001). The determination of the provenance of an object relies on the assumption 
that there is a measurable scientific property linking an artifact to a particular source or 
production location. In the case of glass, provenance is used to refer to the origin of the 
raw materials and/or the place of making of the glass as a material. This is in contrast to the 
art world’s use of the term “provenance,” which often refers to the history of the artifact 
(Wilson, Pollard, 2001). In theory, the materials used in the manufacture of the glass are 
matched to the correct geographical source location. This relies on being able to identify the 
correct signature of the raw material and on the supposition that this signature is inherent 
to the geological source from which it originated; that the geological signature is not trans-
formed physically or chemically during the manufacturing process (ixEr, 2003); and that 
each raw material has an individual geological signature. Sand sourced from Italy, for exam-
ple, will have a different signature from sand sourced from Israel. The glass manufacturing 
and working processes can also leave a signature in the finished product; for instance, glass 
can be contaminated by the crucible material (Jackson et al., 2003). Since the chemical 
properties of an object are seen as characteristic of the raw material source, the composition 
of the artifact is effectively a “chemical fingerprint” (Wilson, Pollard, 2001).
In other words, the composition of the different glass samples is analyzed and 
compared in order to determine whether distinct compositional groups can be identified. 
Once one or several groups have been established, their composition can be compared to 
that of specific raw materials from specific sources. The latter part, however, presupposes 
knowledge of all the characteristics of all the possible sources of a particular raw material, 
which is rarely the case (harding et al., 2004). Since homogeneity between sources can 
make provenancing difficult, the technique will only ever confirm that an item did not 
come from a location.
The provenancing of glass, a complex material, is further complicated by the relation-
ship between the raw materials and the finished product. During glass melting, many char-
acteristics of the raw materials, such as mineralogy, grain size and shape, are lost, leaving 
only bulk chemical data (brEms, 2012). Roman vessel glass from the first to fifth centuries 
AD shows a fairly uniform chemical composition irrespective of the temporal or geographical 
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origin of the material (aErts et al., 2000), especially in its major element composition 
(WEdEPohl, baumann, 2000). As analysis reveals, assemblages consisting of vessels of 
different forms believed to have been produced in different locations are generally indistin-
guishable compositionally (baxtEr, cool, Jackson, 2005). Likewise, the exact provenance 
of basic utilitarian vessel forms, whose specific origins are rarely identified, is often difficult 
to determine (gibbins, 1991). Supporters of both local and centralized production models 
have attempted to explain this phenomenon. While those in favor of the local production 
model claim that the compositional consistency is due either to the use of similar, strictly 
controlled recipes and production techniques or to the reuse of glass in the form of cullet 
(baxtEr, cool, Jackson, 2005), supporters of the centralized production model attribute 
compositional homogeneity to the use of raw materials from a limited number of locations.
Provenancing Roman natron glass by retracing its chemical fingerprint presupposes 
that glass was produced in discrete centers using standardized raw materials and manufac-
turing techniques. It assumes, moreover, that the signature of each glassmaking centre is 
individual (Jackson, 2012). The major elemental signature of Roman natron glass is fairly 
homogeneous. Manufacturing raw glass from a relatively pure silica source with only minor/
trace level impurities and natron (also low in impurities) is likely to produce a homogeneous 
signature (Jackson, 2012). The same result, however, could also be due to the practice of 
recycling (dEgrysE et al., 2006; dEgrysE, shortland, 2009). Something more than just 
the bulk chemical data of the glasses is therefore needed to enable successful provenancing.
Several attempts have been made using a variety of techniques, including trace ele-
ment analysis and isotopic signatures (WEdEPohl, baumann, 2000; FrEEstonE et al., 2003; 
hEndErson et al., 2005; shortland et al., 2007; dEgrysE, schnEidEr, 2008; dEgrysE, 
shortland, 2009). In particular, strontium (Sr) and neodymium (Nd) isotopic signatures 
have been used to make the case that the majority of the Roman glass found in Europe 
came from the eastern Mediterranean region (FrEEstonE et al., forthcoming). Isotopic anal-
ysis and trace element analysis are promising as tracers for the raw materials used in glass 
because they reflect variations found around the Mediterranean Sea as a result of differing 
geological environments (brEms, 2012). The strontium content and isotopic signature of 
ancient glass is a good provenance indicator for the lime used in its manufacture. The neo-
dymium in Roman natron glass originates from the non-quartz minerals in the sand’s raw 
material, and its isotopic composition is an indication of the source of the silica. The element 
boron (B) is used as a tracer for provenancing the flux source used in ancient natron glass-
making. It enters ancient glass mainly through the mineral flux used, but the sand source 
also contributes to the total amount of boron in the glass (dEvuldEr et al., 2013, 2014) 
– a fact that complicates efforts to determinate the provenance of the flux.
The chemical and isotopic analysis of the glass can, therefore, provide information 
on the origin of the raw materials used to produce the glass. This, in conjunction with a 
comparison of the compositional data between archaeological sites, can potentially reveal 
patterns in production and trade (schibillE, 2011). In order to fully understand glass 
manufacture in the Greco-Roman world, and in the absence of identifiable primary glass 
production locations, a structured analysis of glass must comprise contextual, chronolog-
ical, typological and technological evidence from a wide group of assemblages (baxtEr, 
cool, Jackson, 2005).
These multiple angles fundamentally lead to two methods of provenance determina-
tion: the first compares the composition of the unknown samples with the composition of 
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known material in order to narrow down the potential source origins; the second uses the 
fundamental geological properties of the artifact to predict a potential origin in the absence 
of comparative material (FrEEstonE et al., forthcoming). The former method relies on exist-
ing chemical and isotopic data collected from various Roman glass assemblages, such as the 
composition of glass collected from primary furnaces or small-scale production from York, 
England (Jackson et al., 2003; bingham, Jackson, 2008), or evidence from detailed studies 
undertaken on fourth-fifth century HIMT glass and fourth-eighth century Levantine glass 
(FrEEstonE, 2001; FrEEstonE et al., 2002). The second method utilizes isotopic studies, 
particularly of strontium and neodymium, to infer the likely locations of glassmaking sands 
and therefore the location of the primary furnaces in which raw glass was made (dEgrysE, 
schnEidEr, 2008). It should be remembered that “to understand how glass can be related 
back to the furnaces in which it was made, the origins of all the components in the glass 
must be understood” (FrEEstonE, 2005, 008.1.3).
The raw materials of Roman glassmaking
The European Research Council-funded ARCHGLASS project focused in particular on inves-
tigating the occurrence of primary production centers of raw glass outside those known from 
archaeological excavation in Syro-Palestine and Egypt. The western Mediterranean area, 
including the regions of Italy, Gaul, Spain (regions described by ancient authors as primary 
glass producers) and North Africa were surveyed for the occurrence of suitable glass raw 
materials, and analytical techniques using isotope geochemistry were further developed to 
compare the chemical signatures of possible raw materials to Roman raw glass and objects 
from museums and archaeological contexts. This reconstruction of the primary origin of 
Greco-Roman glass refers to broad geological/geographical regions where glass was (likely) 
made, rather than to individual sites. 1
The geological survey for suitable sand resources in the Greco-Roman world covered 
an area from the Portuguese-Spanish border to the Balkans, included parts of Greece, Turkey 
and Israel, and comprised samples from Egypt to Tunisia (brEms et al., 2012a, 2012b). 
The composition of hypothetical glasses made from these modern (beach) sands was calcu-
lated, and a series of glass melting experiments were performed to reproduce Roman natron 
glass. The results of our survey, calculations and experiments showed that suitable glass-
making sands are relatively rare (fig. 3). Six limited areas outside the eastern Mediterranean 
could be defined where suitable sand raw materials would have been available to the Roman 
glassmaker. Beach sands from the Basilicata region and the Apulia region in Southeast Italy 
would produce glass with properties close to Roman glass, but with a typical low alumina 
content. Sands from the Tuscany region in western Italy are also suited for Roman glass 
production but would require the addition of extra lime. Beach sands near the mouth of 
the Guadiana River in the Huelva province of southwestern Spain, in the Murcia region 
in southeastern Spain and from the Bay of Hyères in southern France (Provence) are all 
very rich in silica and, with the addition of extra lime, would produce glass with a typical 
Roman composition. These results do not of course prove that there was a Roman primary 
glass production industry in the western Mediterranean but demonstrate that the suggested 
regions are the most likely suppliers of silica raw materials in this area.
Strontium and neodymium isotopic signatures of the sands sampled were measured 
to compare the composition of Roman natron glass to all known possible sand raw materials. 
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The eastern Mediterranean beach sands used in the glass factories excavated in Syro-
Palestine were sampled by Robert H. Brill in the 1960s (brill, 1999) and analyzed by 
Patrick Degryse and Jens Schneider (dEgrysE, schnEidEr, 2008) and Dieter Brems and his 
collaborators (brEms et al., 2012a). They show neodymium isotopic signatures between 
-1.0 and -5 ε
Nd
 (a standardized notation comparing the measured value to an internationally 
recognized standard value). Primary glass made using Israeli coastal sand, from the factories 
at Bet Eli’ezer and Apollonia that were active between the sixth and eighth century AD 
(brill, 1999), produces raw glass with an isotopic signature between -4.1 and -5.1 ε
Nd
. 
Ian Freestone and his collaborators (FrEEstonE et al., forthcoming) earlier reported values for 
Bet Eli’ezer, Apollonia and (likely Egyptian) HIMT primary glass between -4.0 and -6.0 ε
Nd
.
Suitable glassmaking sands from Spain, France and the western part of Italy all have 
relatively low values with neodymium isotopic signatures between -12.0 and -7.0 ε
Nd
 (brEms 
et al., 2013a, 2013b; fig. 4). Glass produced from these could be readily distinguished from 
glass from the known primary production sites in Egypt and Syro-Palestine. Two good sand 


















and the εNd val-
ues of the beach 
sands analyzed.
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, which may coincide with signatures of sand and glass with an eastern 
Mediterranean origin. The Italian sands, though, are much lower in alumina content and 
show a different trace element signature than the eastern Mediterranean sands analyzed.
A neodymium isotopic signature of ancient glass with ε
Nd
 values lower than -7 
therefore seems to be a justified cutoff for the primary origin of glass not lying in the 
eastern Mediterranean. Glass with ε
Nd
 values higher than -7.0 and with elevated alumina
 
and/or zirconium and titanium content
 
has a primary origin in the eastern Mediterranean. 
Glass with ε
Nd
 values higher than -6.0 and a low alumina content seem to originate from 
the Italian peninsula, or a yet unknown source in northern Africa. A special sand that 
needs to be mentioned is a single sample that was taken near Alexandria. It is as such 
unsuitable for making a Roman compositional type glass, but it is a very pure sand that 
could not be distinguished from sands from Apulia and Basilicata using the provenance in-
dicators here defined. The combined use of neodymium isotopic signatures and elemental 
chemical analysis makes it possible to distinguish between the different possible sources of 
suitable sand raw materials in all the regions under investigation, as well as the primary 
origin of glass made from these, but more work is needed to construct an extensive data-
base of Syro-Palestinian to north African sands. 2
Reconstructing the Roman glass economy
Looking at the analytical dataset of the ARCHGLASS project (dEgrysE, 2014; fig. 5), over 
60% of the glass has a chemical and isotopic composition indicative of a primary origin 
in the eastern Mediterranean, mainly Syro-Palestine. 3 This glass, naturally colored as 
well as colorless or strong 
colored (non-translucent, 
opaque glass with a strong 
color, usually pre-Roman 
in age), is found on all sites 
studied and occurs over the 
entire time period studied, 
from the middle of the 
first millennium BC to the 
ninth century AD. About 
a third of these samples 
appear, on the basis of their 
trace element content, to be 
recycled glass. 4
Significantly, geo-
chemical characteristics for 
around 20% of the glass 
assemblage show a primary 
origin not in Syro-Palestine 
or Egypt but possibly in 
the heel of Italy or in an 
unknown (African) source. 
5. Representation 
of the occurrence 
of εNd signatures 
through time for 
the full dataset 
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Similar samples can be found on many sites all over the sampling area, but most come 
from the Embiez and Iulia Felix shipwrecks (ganio et al., 2012a, 2012b). Almost all of this 
glass is colorless (mostly antimony [Sb] decolored), can be dated between the first and the 
fourth centuries AD, and has a low lead (Pb) content, showing no indication of recycling or 
mixing. Interestingly, Daniela Rosenow and Thilo Rehren (rosEnoW, rEhrEn, 2014) used 
the predominance of first- to second-century antimony- decolored glass at ancient Bubastis 
(northern Egypt) to suggest a close primary origin of this glass in Egypt. An exceptional 
group of antimony-decolored glass has an extremely high lead content of several thousand 
parts per million, likely related to the antimony mineral used in its manufacture. A group 
of strong colored (mainly black) glass originating in Carthage and dated to the fourth or 
fifth century BC is the earliest glass of this primary origin so far recognized.
Around 5% of the glass assemblage studied shows a composition indicative of a 
primary origin in the western Mediterranean. These glasses are all naturally colored or 
colorless, and come from all over the sampling area. They are mainly dated between the 
first century AD and the first half of the fifth century AD, though some material can be 
dated as early as the fourth century BC. A small part of the dataset could not be assigned to 
a specific primary origin, as it had an intermediate composition between all known sources. 
Most of these samples had a chemical composition suggestive of recycling. Overall, around 
a quarter of the total glass dataset were samples with elevated trace element contents con-
sistent with recycling. While this shows that recycled glass comprises much of the dataset, 
this figure is still rather limited.
All natron glass analyzed proved to be very homogenous in boron isotopic composi-
tion (dEvuldEr et al., 2014; fig. 6), and no significant differences were observed between 
glasses from different regions or different time periods. This may suggest that, through time 
and space, one source of flux was used, or multiple sources with a similar boron isotopic 
composition. The boron isotopic composition of the natron glass studied was very similar to 
that of several natron sources identified in North Africa (taking into account a contribution 
from the sand source used). Next to the known occurrence of natron in Wadi el Natrun and 
al Barnuj, suggested earlier as major sources for natron in ancient glassmaking, the recent 
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discovery of natron deposits in Libya shows that there may be many more such sources yet 
undiscovered in this part of the Roman world. All these North African sources cannot be 
distinguished from each other using boron isotopes, which is unsurprising in light of their 
very similar precipitation environment and geological background. Conversely, salts from 
Lake Pikrolimni in Greece are inconsistent with the B isotopic composition of ancient glass, 
and their use as a flux source in antiquity is highly unlikely. This makes placing the source 
of all flux for natron glassmaking in North Africa very tempting 5. The occurrence and mining 
of natron throughout this part of the Roman world would make the supply of this raw 
material across the Mediterranean to primary factories in Italy or the western provinces 
much easier, even with overland transport.
Suitable glassmaking sands for Roman glass are rarer than would be generally thought. 
The use of chemical analysis makes it possible to distinguish between these different poten-
tial sources and reconstruct the primary origin of ancient natron glass. Northern Africa is the 
likely source of flux for all natron glassmaking. In the current state of research, other sources 
can be excluded as possible suppliers of flux for Roman glassmaking.
From our analyses, it is clear that glass factories in the eastern Mediterranean 
were active from the onset of natron glassmaking. The earliest natron glass with a 
likely non-eastern Mediterranean origin can be found in Carthage and is dated to the 
fourth century BC.
In early Roman times, between the first century AD and the first half of the 
fifth century AD, the origin of primary natron glass lies in the western Mediterranean 
as well as in the eastern Mediterranean and possibly Italy. Apparently, investments were 
made in several glassmaking units all over the Empire. It is tempting to link this devel-
opment in the glass industry to the end of the Roman Republic and the beginning of the 
Roman Empire, next to the impetus of the invention of glass-blowing. Most glass has a 
signature typical for a Syro-Palestinian or (possibly) an Italian provenance. Clear western 
Mediterranean or North African glass is only a minor part of the dataset. The large spread 
in neodymium isotopic composition of this Roman glass suggests primary production all 
over the Mediterranean, but it is also likely due to the intense recycling of this glass and 
mixing of several primary sources.
The signatures for an origin of glass in the western Mediterranean and presumably 
Italy slowly die out towards the end of the fifth century AD It is tempting to relate this pro-
cess to the fall of the Western Roman Empire. As the mass production and export of goods 
declines or ceases in the course of the third to fourth century AD, the market and transport 
mechanisms for glass factories around the empire would have dissolved. In late Roman to 
early Byzantine/Islamic times, from the fifth century AD onwards, natron glassmaking once 
again becomes dependant on glass-producing sites in the eastern Mediterranean, both in 
Syro-Palestine and Egypt (with HIMT glass; nEnna, 2014).
It is clear that an improved dating resolution of the glass samples analyzed can help to 
better identify production units of natron glass in time and space. The discovery of a phasing 
in glassmaking in the Hellenistic-Roman world, however, adds a new chapter to the history 
of glass and our knowledge of the archaeological record. This new knowledge now needs to 
be integrated in further economic studies of the Roman world.
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Notes
1. The political situation in North Africa 
and the Middle East during the course 
of the project prohibited much field-
work there, so the reference data avail-
able for these regions remains limited.
2. As data for possible sand sources 
from North Africa and other parts of 
the Mediterranean are still limited, the 
existence of competing Roman glass 
producers with overlapping elemen-
tal and isotopic characteristics in such 
areas cannot be definitively excluded. 
It is clear that our large scale geological 
prospecting needs a detailed archaeolog-
ical follow-up if glass factories are to be 
discovered or confirmed.
3. Less than 2% of the dataset is glass 
with an origin likely in Egypt. Sampling 
HIMT glass, easily recognizable by its col-
or, was avoided in this study, and the 
known Egypt I and II glass groups are 
rarely found outside of Egypt itself.
4. Slightly elevated concentrations in 
glass of trace elements commonly associ-
ated with coloring agents, such as Mn, Co, 
Ni, Cu, Zn, Sb and Pb, are often interpret-
ed as the result of recycling of glass cullet. 
The analysis of these elements in suitable 
glassmaking sands provides a good idea 
of the background levels that can be at-
tributed to impurities in the source of sil-
ica. The presence of higher amounts of 
these elements in Roman glass would in-
dicate their deliberate or accidental (due 
to recycling of cullet) addition.
5. Since the B isotopic analysis of Roman 
glass and flux sources has just started, 
many aspects still need to be addressed. 
The analysis of ancient natron would be 
of great interest, especially to investigate 
whether present-day natron is character-
ized by a B isotopic signature similar to 
its ancient equivalent.
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